 In this research, a part of natural coarse aggregates was replaced with EAF slag  Warm mix asphalt technology (Sasobit) was employed to produce warm SMA mixture  Fatigue characteristics of WSMA mixture were determined using flexural fatigue test  EAF steel slag indicated great potential to substitute for natural aggregates  Warm SMA showed weaker but acceptable fatigue performance compared to the SMA mix
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A C C E P T E D M
A N U S C R I P T characteristics of warm stone matrix asphalt (WSMA), as one of the significant structural distresses of the flexible pavements, containing EAF steel slag as part of the coarse aggregate and Sasobit as the warm mix additive. The Marshal test results indicated higher Marshall stability and Marshal quotient for mixtures containing EAF steel slag compared to their similar mixtures (SMA+S vs SMA+N and WSMA+S vs WSMA+N) and all the mixtures met the NAPA specification requirements for Marshall stability, air voids, and optimum binder content. The result of draindown test for all of the mixtures was lower than the maximum amount determined by the specifications and means that the rock wool fibers, as asphalt stabilizers, preserved the asphalt mortar in the mixture well. The fatigue test results indicated that the use of EAF slag leads to comparable results to standard SMA and using warm mix additive (Sasobit) results in lower but acceptable results.
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Introduction
The increase in the traffic volume and the axial load of vehicles passing on the roads lead to numerous distresses and short lifecycle of the conventional hot mix asphalt (HMA) pavements; thus there is a need to investigate more durable asphalt pavements. Stone matrix asphalt (SMA) is a gap-graded hot mix asphalt which relies on coarse aggregates' stone to stone contact for resistance against permanent deformation and rich asphalt mortar to provide durability [1] . This mixture was developed in Europe in the late sixties and the successful results within 20 years encouraged US road authorities to start the SMA projects in some states. SMA has high resistance to permanent deformations due to the high interlock of coarse aggregates in the stone skeleton. High asphalt content and lower air voids in SMA mixtures lead to enhanced durability of asphalt binder during the life cycle of the asphalt pavement.
The fatigue or alligator cracking is a structural pavement distress which takes place as a result of repetitive traffic loading [2] . The load repetition leads to compressive and tensile stresses in the upper and lower layers of asphalt pavement respectively. If the tensile strain in the lower layer exceeds the allowable designed tensile strain of the asphalt layer, the pavement is cracked. These cracks initiate at the bottom of the asphalt layer and propagate to the surface as longitudinal cracks. After the repeated loading, the cracks connect to each other, form many-sided sharp-angled pieces, and develop into a pattern which is similar to the back of an alligator. The problems associated with fatigue cracking include the moisture infiltration into the pavement, surface roughness, and deterioration to a pothole.
One of the by-products of the steel industry is steel slag which forms 15-20 percent of the output of the steel melting furnace [3] . This steel slags are produced in vast amounts in Iran and are often discharged in
landfills without any use, occupy broad areas, and since they contain chemical compositions, cause environmental hazards. One of the methods to recycle these materials and conserve the unrenewable sources of natural aggregates by considering the concept of sustainable development is to use them in the road construction. Steel slag is sharp-angled and advantages from high compressive and abrasive strength, better roughness and frictional resistance in comparison to the natural aggregates. Basic oxygen furnace (BOF) and electric arc furnace (EAF) steel slags are two common types of slags used in asphalt mixtures.
One of the problems associated with HMA mixtures is that they cool rapidly because of the high thermal gradient between the mixture and the ambient [4] . This problem prevents adequate compaction of the mixture in the field. Rapid cooling also prevents the transfer potential of the HMA mixture to distant places.
The high temperature employed to produce HMA mixtures leads to the high cost of fuel [5] . Increase in the cost of fuel in the recent years has obliged road authorities to use technologies which reduce the mixing and compaction temperatures of asphalt mixtures and as a result reduce the fuel cost. The other concern about the HMA mixtures is from the environmental aspect. The high temperature of the HMA production process results in more emissions. The strict environmental regulations passed in the recent years oblige road agencies and contractors to use technologies which release fewer emissions in comparison to HMA mixtures [4] .
Alonso et al. [6] evaluated the effect of different warm mix additives on the fatigue characteristics of the HMA mixes. The used additives included wax (organic additive), zeolite (water containing and foaming additive), and Tensoactive (chemical additive). The HMA mixture (control mix) was produced at the temperature of 160°C, and the warm mix asphalt (WMA) mixtures were prepared at 140°C. The result of four-point fatigue beam test in control strain mode indicated the similar fatigue performance of WMA mixtures to the control mix and the WMA mixtures containing Tensoactive showed less fatigue life in this test.
Masoudi et al. [7] studied the long term performance of warm mix asphalt mixture containing electric arc furnace (EAF) steel slag. They found out that using warm mix asphalt and replacing mineral aggregates with steel slag aggregate increases the Marshall Stability, stiffness, resilient modulus and indirect tensile strength of the mixture. Moreover, they noticed that warm asphalt mixtures containing steel slag experience less aging compared to control specimens (HMA with limestone). Hence, they recommended utilizing warm mix asphalt containing EAF steel slag. 1-The performance of WMA mixture in fatigue cracking is comparable to HMA and these cracks are mainly seen after 4 or more years of age.
2-
The performance of WMA in Rutting is comparable to HMA and rutting is started after 3 years of age but it becomes more differentiable after 6 or more years of service.
3-Reduced production temperature of WMA can have an influence on field density, thus the in-place density of WMA is generally lower than HMA pavements. 4-Distress distribution appears to be climatic related: Within dry zones (freeze or non-freeze), rutting appears to be the major type of distress regardless of HMA or WMA. In wet freeze zones, cracking is the dominant distress type and in wet non-freeze zones, cracking and rutting can both happen.
Kavussi et al. [9] investigated the effect of replacement of various portions of coarse limestone aggregates with EAF slags (0, 25, 50, 75, and 100 percent replacement and complete replacement of all limestone filler, fine and coarse fractions with EAF slag) and recommended the optimum amount of replacement. The result of Marshall mix design showed higher optimum asphalt content for mixtures containing EAF slag in all fractions of coarse, fine, and filler. Moreover, as the EAF percentage increases in the coarse fraction, the optimum binder content increases. The statistical analysis of the Marshall tests indicated that the replacement of 50-75 percent of the coarse fraction with EAF slags could be optimal. They also concluded that although 75 percent replacement of the coarse fraction with EAF slag increases the optimum asphalt content approximately 15 percent, it substantially improves Marshall parameters. Asi et al. [10] replaced 0%, 25%, 50%, 75%, and 100% of limestone coarse aggregates in HMA mixes with steel slag and found out that replacing up to 75% of limestone coarse aggregates with steel slags improved the fatigue life of asphalt mixes.
Ziari et al. [11] studied the effect of replacing coarse, fine or all portions of limestone aggregates by EAF steel slag in warm mix asphalt mixtures. The results showed that generally steel slag increases the fatigue life of the mixtures when used in either coarse or fine fractions by 50% to 75% of replacement. 
Materials

Aggregates
The aggregates used in this study include limestone and cured EAF steel slag as a substitute for 75 percent of the coarse aggregate fraction. The limestone aggregates were obtained from the Majidi asphalt plant in Mashhad, Iran. The EAF steel slags were procured from Mobarake steel manufacturing company in Esfahan and were cured in water for more than 7 days in order to reduce their expansion [3] .
The surface texture of the aggregates was observed using scanning electron microscope (SEM) and has been presented in Fig. 1 and 2 . As it can be seen, the morphology and texture of the EAF slag are different from those of the limestone. EAF slag has higher porosity than limestone aggregates ( Fig. 1 ). Typically, porosity increases the asphalt content needed to produce asphalt mixture. The qualitative comparison of the EAF and limestone aggregates in Fig. 2 indicates the higher roughness of EAF slag. This higher roughness could improve the adhesion between asphalt and EAF slag in comparison to limestone aggregates.
Elemental composition of the aggregates affects the mixture behavior. One of the disadvantages of steel slags is their expansion because of the existence of elements like calcite. The curing of them with water before using in the asphalt mixture could solve this problem [3] . The most important components of EAF steel slag consist of silicon dioxide (SiO2), calcium oxide (CaO), and ferric oxide (Fe2O3). The high abrasive strength of steel slags is due to the existence of metallic elements like Fe2O3, Al2O3 in their composition [9] . Regarding these facts, both limestone and cured EAF aggregates were analyzed using x-ray fluorescence (XRF) test, and their chemistry was presented in Table 1 . Table 2 shows the properties of aggregates used in this study. The gradation of the SMA mixture was selected according to NAPA gradation in a way that the stone to stone contact is provided. Table 3 indicates the gradation used in this study.
Asphalt binder
The PG 64-22 asphalt binder was obtained from Majidi asphalt plant around Mashhad, Iran. Table 4 indicates the result of laboratory tests done on this asphalt binder.
Additive
Two additives were used in this study. At first, to prevent the draindown potential of the SMA mixture and to stabilize asphalt binder into the mixture, rock wool fibers were used as 0.3 percent of the mixture's weight. Secondly, because of the acceptable performance of Sasobit as an organic additive of the warm mix technology and its availability in Iran, it was used 2 percent by the weight of asphalt binder.
Sample Preparation and Testing Program
To determine the effect of EAF steel slag, warm technology, and the simultaneous use of steel slag and warm additive, SMA and WSMA samples containing steel slag and natural aggregates were prepared. Table   5 shows the description of different mixtures prepared in this study with the abbreviation used for them.
Marshall stability, flow, and Marshall Quotient
For each type of mixtures, the test samples were prepared according to Marshall method (ASTM D1559) with five asphalt rates (5% -7.5%) at 0.5 increments. The optimum binder content of the SMA mixtures is selected so that a 3-4 percent of air voids and a minimum VMA of 17% is provided. Also, based on the Table 6 .
Draindown Test
As it was mentioned before, one of the main problems of SMA mixtures is the draindown of asphalt because of the lack of fine aggregates in gradation. The rock wool fibers were used as the stabilizer to absorb asphalt, keep it into the mixture, and solve the draindown problem. The basket test was utilized to determine the efficiency of rock wool for this purpose. In this test, according to AASHTO-T305, the uncompacted sample is poured into a wire basket, and the weight is measured. Then the basket is positioned on a pre-weighed paper plate, and the assembly is placed in an oven with the temperature of 175°C for 60±5 minutes. After the specified time, the assembly is removed from the oven, and the mass of the plate plus the draindown material is measured to determine the percent of the drained mixture using the following equation:
In which D is the draindown percent, is the final mass of the plate, is the initial mass of the plate, and is the initial total mass of the sample.
Flexural Fatigue Test
In this research, the four-point fatigue beam test was utilized according to AASHTO T321 standard to measure the fatigue life of SMA and WSMA specimens with 63 × 381 × 50 mm dimensions. The test conditions included haversine waveform, frequency of 10 Hz, 0.1 sec pulse interval, the temperature of 20°C, and strain control mode. The fatigue life of Different mixtures was determined in 4 strain levels of 600, 700, 800, and 900 microns. Three specimens were tested for each strain level, and entirely 12 specimens were prepared for each mixture. According to the test standard, the fatigue life of the specimen is defined as the number of cycles needed to reduce its stiffness to 50% of the initial stiffness modulus obtained in the 50 th cycle. The initial strains are plotted versus the number of load cycles to failure on logarithmic scales to develop the fatigue models of the mixtures. A straight line can approximate this plot and express it by:
In which is the number of load cycles to failure, the a parameter is the fatigue constant (the value of when =1), and b is the inverse slope of the straight line.
The logarithmic form of the eq.1 could be expressed as: 
Results and Discussion
Marshall test results
Fatigue test results
The results of conducted flexural fatigue test on the SMA and WSMA specimens could be explained in the following sections.
The air void of fatigue test specimens
According to NAPA specification requirements [1] , the air voids of SMA specimens should be between 3 and 4 percent. For each mixture, three specimens were tested and the average results could be observed in 
Initial flexural stiffness
The flexural stiffness is one of the most significant parameters influencing the fatigue life of mixtures and indicates the resistance to flexural deformation. The initial stiffness is defined as the fraction of stress and strain (S= σ ε ) in the 50 th cycle of the fatigue test. The results of initial stiffness presented in Fig. 4 show the higher stiffness for all mixes in comparison to the control mix (SMA+N). This increase in stiffness could be due to the stiffening effect of the Sasobit in WSMA mixtures in the fatigue test temperature (20°C) which forms crystalline particles into the asphalt binder and also the higher stiffness and better interlock of EAF slags in comparison to the natural limestone aggregates. The WSMA+S has the higher initial stiffness which could be justified by the simultaneous presence of Sasobit and EAF slag in this mixture.
Initial phase angle
The phase angle (δ) is defined as the time lag between the applied stress and the resulting strain and is an indicator of the viscose or elastic behavior of the materials. For an utterly elastic material, the phase angle is equal to zero (there is an instant response), and it approaches 90 degrees when a viscous fluid such as a hot asphalt binder is tested. The asphalt mixture is a viscoelastic material, so its phase angle is between 0 and 90 degrees. Fig. 5 shows the results of phase angle for WSMA and SMA mixtures.
The obtained phase angle for all of the mixtures is lower than the initial phase angle of the control mixture (SMA+N) which shows more elastic behavior of them. This subject is due to the presence of Sasobit in WSMA mixtures which increases the stiffness of the asphalt binder and as a result the mixture stiffness. As it was mentioned in previous section, the use of slag increases the stiffness of the mixture and leads to lower phase angle and more elastic behavior. The WSMA mixture containing EAF slag indicated the lowest phase angle and more elastic behavior than others which is due to the simultaneous use of Sasobit and EAF steel slag.
Fatigue life and modelling
The result of fatigue test performed on WSMA and SMA mixtures has been presented in Table 9 .
The results show the better performance of mixtures containing EAF slag (SMA+S and WSMA+S) in 600μ strain level. Considering the higher stiffness of these mixtures, the better performance in this strain level could be due to the better interlock of EAF slags, more angle of friction of slags compared to the natural aggregates, and the cohesion between asphalt binder and these aggregates. As the level of strain increases, the effect of flexibility of the mixture on the fatigue life increases and the obtained fatigue life for the mixtures containing natural aggregates becomes approximately better than similar mixtures containing EAF slags.
The comparison of similar SMA and WSMA mixtures (SMA+N vs. WSMA+N and SMA+S vs. proportion to the SMA ones which shows its effect on the fatigue life more in high strain levels. Table 10 indicates the fatigue models developed for different mixtures. The high R 2 verifies the goodness of fit of these models. The fatigue curves presented in Fig. 6 and the inverse slope of fatigue models in Table 9 shows that the fatigue life of all mixtures decreases with high intensity in comparison to the control mixture (SMA+N).
Conclusion
In this research, on the one hand, the electric arc furnace (EAF) steel slag was used as the substitute to 75% of the coarse aggregate fraction of the SMA mixture to evaluate its performance as a recycled material. On the other hand, Sasobit which is a warm mix asphalt (WMA) organic additive and could reduce the mixing temperature of the asphalt mixture 25-30 degrees was utilized to solve the problem of HMA mixes. The objective of this research study was to investigate the effect of EAF steel slag, Warm mix asphalt technology (using Sasobit additive), and their simultaneous use, on the fatigue characteristics of the SMA mixture.
The following conclusions were obtained from this study:
1. All of the SMA and WSMA mixtures met the NAPA specification requirements entirely for SMA specimens prepared with Marshall mix design.
2. The results of the fatigue test indicated the similar performance of SMA containing EAF slag to the control mixture containing natural aggregates (SMA+S vs SMA+N). Considering the higher stiffness and less flexibility of the mixture containing slag in comparison to the control mix containing natural limestone aggregates, the reason behind the acceptable performance of this mixture could be the better interlock of slags and the increase in cohesion between slag and asphalt binder. These two factors lead to the more extended fatigue life of the specimen and show that natural coarse aggregates could be replaced with recyclable EAF steel slags.
3. In the case of only employing the WMA technology (WSMA+N) and also the concurrent use of EAF steel slag and this technology (WSMA+S), the fatigue test results revealed the similar performance of these mixtures in 600 and 700 microns strain levels in comparison to the control mixture (SMA+N) but the weaker performance in relatively high strain levels such as 800 and 900 microns. This weak performance in high strain levels could be due to the stiffening effect of Sasobit in asphalt binder and the high stiffness of the EAF steel slag which lead to more stress in the mixture and its rapid failure. The other reason could be the inadequate coverage of aggregates by the modified asphalt binder using the Sasobit additive in the mixing temperature of the WSMA
mixtures compared to the SMA control mixture which shows its effect on the resistance to fatigue of the asphalt mixture in high strain levels. Since Sasobit is entirely soluble in the asphalt binder in temperatures more than 120°C, the problem of inadequate coverage of aggregates could be reduced by increasing the mixing temperature to some extent. 4 . The analysis of fatigue life of specimen indicated that the fatigue life is very sensitive to the strain level so that the increase in strain level from 700 to 800 microns led to approximately 70 percent reduction in fatigue life of specimens.
5.
The fatigue life of all SMA and WSMA specimens in the recommended strain level of AASHTO T-321 fatigue test standard (250-750 microns) is more than 10000 cycles. This fact indicates that the stiffness of these mixtures does not decrease rapidly during the loading and their performance is acceptable.
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